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ABSTRACT: Surface-enhanced infrared absorption spectroscopy is used to examine
the co-adsorption of a selection of polyethers with Cl− under conditions relevant to
superconformal Cu electrodeposition in CuSO4−H2SO4 electrolytes. In 0.1 mol/L
H2SO4, a potential-dependent mixed SO4

2−−H3O
+/H2O layer forms on weakly

textured (111) Cu thin-film surfaces. With the addition of 1 mmol/L NaCl, the
SO4

2−−H3O
+/H2O adlayer is displaced and rapidly replaced by an ordered halide

layer that disrupts the adjacent solvent network, leading to an increase in non-
hydrogen-bonded water that makes the interface more hydrophobic. The altered
wetting behavior facilitates co-adsorption of polyethers, such as poly(ethylene
glycols), polyoxamers, or polyoxamines. Interfacial water is displaced by co-adsorption
of the hydrophobic polymer segments on the Cl−-terminated surface, while the
hydrophilic ether oxygens are available for hydrogen bond formation with the solvent.
The combined polyether−Cl− layer serves as an effective suppressor of the Cu
electrodeposition reaction by limiting access of Cuaq

2+ to the underlying metal surface.
This insight differs from previous work which suggested that polymer adsorption is mediated by Cu+−ether binding.

■ INTRODUCTION

Cu electrodeposition is a key process used in the fabrication of
microelectronic circuitry ranging from deep submicrometer
logic and memory interconnects to micron-scale through-
silicon vias (TSV) for three-dimensional chip stacking. The
success of the process stems from surfactant additives that
enable void- and seam-free, bottom-up “superfilling” of
recessed surface features, such as trenches and vias.1,2 For
submicrometer features, superconformal growth involves
competitive adsorption between polyethers (e.g., poly(ethylene
glycol) (PEG) and/or its derivatives) that suppress metal
deposition and sulfonate-terminated alkyl disulfides and/or
related thiols that accelerate Cu deposition.3,4 For larger-scale
features, such as TSV, extreme bottom-up filling can occur due
to disruption of the polymer suppressor layer by positive
feedback with the metal deposition reaction itself.5−8

In prototypical acidic CuSO4 electrolytes, Cl
− is an essential

additive influencing the co-adsorption and operation of both
polyether inhibitors and sulfonate-terminated alkyl disulfide
accelerator species.3−20 In situ scanning tunneling microscopy
(STM) and surface X-ray scattering (SXS) measurements have
revealed a great deal about the structure and step dynamics
associated with potential-dependent phase transitions of the
chemisorbed anions, SO4

2− and Cl−, on low-index Cu
surfaces.21−31 At technically relevant concentrations, Cl−

displaces SO4
2− from the Cu surface and facilitates an increase

in the rate of the Cu2+/Cu+ inner sphere electron-transfer
reaction.32,33 The addition of PEG (Mw = 3400 g/mol) to the
electrolyte suppresses the Cu deposition rate by 2 orders of
magnitude relative to the H2SO4−CuSO4−Cl− solution.3−17

However, in the absence of halide, negligible inhibition of

metal deposition is observed, demonstrating that Cl− is
required for the polyether suppressor to function.9−17

A variety of in situ measurements have been used to examine
the relative roles of Cl− and Cu+ in the formation and function
of polyether suppressor layers. Ellipsometry measurements of
the PEG−Cl− adlayer, in the absence of metal deposition,
indicate that a thin (≈0.6 nm) PEG layer is formed on top of
the Cl− adlayer while no polymer adsorption is evident in the
absence of Cl−.34 An electrochemical quartz crystal micro-
balance (EQCM) study indicates that neither Cu+ nor Cu2+ is
required to form the suppressor layer.35 In contrast, other
experimental studies have invoked Cu+ as the binding agent
between the polymer ether oxygen and the halide-covered
surface.10,36,37 Among these, a surface-enhanced Raman
spectroscopy study ascribed a vibrational feature at 670 cm−1

to Cu+ mediating or binding the polyether oxygen to the Cl−-
covered surface in analogy to crown ether complexes and
related solid-state poly(ethylene oxide) (PEO)−cation com-
plexation.10,36 The proposed crown ether conformation was
used to explain the influence of PEG molecular weight on
suppression and feature filling.10,38 However, other Raman
studies are at odds with the preceeding result, with only weak
and/or transient signals observed, which were most likely
related to morphological instabilities that are known to hinder
quantitative SERS.39,40

Imaging the suppressor layer by scanning tunneling
microscopy (STM) and atomic force microscopy has proven
challenging as tip scanning forces tend to disrupt the polymer

Received: July 12, 2018
Revised: August 29, 2018
Published: August 31, 2018

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2018, 122, 21933−21951

© 2018 American Chemical Society 21933 DOI: 10.1021/acs.jpcc.8b06644
J. Phys. Chem. C 2018, 122, 21933−21951

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 I
N

ST
 O

F 
ST

A
N

D
A

R
D

S 
&

 T
E

C
H

N
O

L
O

G
Y

 o
n 

Se
pt

em
be

r 
28

, 2
01

8 
at

 2
3:

43
:2

8 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.8b06644
http://dx.doi.org/10.1021/acs.jpcc.8b06644


due to its modest monomeric binding energy; however, three
recent STM studies provide evidence of the formation of two-
dimensional (2D) PEG adlayers.41−43 For small PEG
oligomers, such as a 5-mer, an ordered (4 × 4) arrangement
was imaged on top of Clads/Cuupd/Pt(111) surfaces with a
nearest-neighbor modulation of the electron density of 1.1 nm.
Increasing the tunneling current to bring the tip closer to the
surface revealed the underlying √3 × √3 R30° Cl− adlayer on
top of the Cuupd layer.

42 Attempts to image higher-molecular-
weight polymers (PEG with Mw = 400, 600, and 4000) yielded
irreproducible results, which was attributed to the interference
between the polymer and the imaging tip. The difficulty in
imaging is congruent with the collapsed sphere model derived
from an EQCM study of PEG−Cl− adsorption on Cu as well
as the loop-train-tail picture of polymer adsorption and more
recent observation of the substantial adsorption−desorption
dynamics of PEG at hydrophobic solid−liquid interfaces in the
dilute coverage limit.11,44 In contrast, a subsequent study of
PEG (Mw = 6000) adsorption on negatively charged Au in pH
3 sulfate electrolyte revealed a 2D monomolecular film
exhibiting linear, possibly nematic, features within the surface
plane consistent with individual PEG chains.43 The planar
nature of the arrangement indicates a significant polymer−
surface interaction energy compared to the solvation energy of
the polymer.45,46 Unlike with Cu, STM and voltammetry
indicate that halide adsorption is not necessarily required for
PEG adsorption on Au, although EQCM and ellipsometry
reveal conditions where halide is required.11,34,41,43 The
seemingly divergent observations suggest that a more complete
understanding of PEG adsorption should consider both the
state of charge and hydration of the respective surfaces.
Despite these prior efforts, molecular insight into the

polymer−halide binding interaction and suppressor function
is still lacking. The role of fluxional adsorption−desorption
polymer dynamics in determining the leakage currents and
breakdown events associated with the passivating layer is
unknown. It is unclear if the suppressor layer operates by site
blocking, i.e., simply limiting access of Cu2+ to the surface or is
directly involved in the metal deposition reaction itself through
interactions with the Cu+ reaction intermediate. Likewise, it is
not clear whether Cu+ plays a role in binding the polymer to
the halide adlayer. Studies of polyether adsorption in other,
chemically distinct, systems suggest other possibilities. Among
these, multisite noncovalent interactions with molecular
solvation and interfacial water structure being perturbed by
anion or cation co-adsorption is of particular relevance.47−49

For example, PEG adsorption on negatively charged mica
surfaces is thought to be mediated by differences in the
hydration shells associated with co-adsorbing alkali−metal
cations.47 Similarly, reports of the assembly and mobility of
PEG at hydrophobic solid−liquid interfaces point to the
importance of wetting forces in understanding polyether
adsorption.44,50,51

In situ vibrational spectroscopy techniques, such as sum
frequency generation (SFG) and surface-enhanced infrared
absorption spectroscopy (SEIRAS), enable direct probing of
the molecular nature of interface hydration and its potential
dependence.50−55 Specifically, enhancement effects associated
with nanostructured ultrathin-film electrodes enable SEIRAS
to be combined with potential step and titration schemes to
study the adsorption dynamics of ionic and molecular species
at electrode surfaces. Herein, SEIRAS is used to examine co-

adsorption of prototypical polyether−Cl− additives that
provide suppression during Cu electroplating.

■ MATERIALS AND METHODS
SEIRAS measurements were performed using a Cu thin-film
electrode supported on an optically polished Si prism (PIKE
Technologies, Inc.a) in the Kretschmann attenuated total
reflection (ATR) configuration. The prism was positioned
within the spectrometer using a modified commercial attach-
ment (VeeMAX II, PIKE Technologies, Inc. with an in-house-
modified base plate to support the prism) with the incident
and exit angles set to 60°. The Nicolet Magna-IR860 Fourier
transform infrared spectrometer was equipped with a liquid
N2-cooled HgCdTe detector. Spectra were typically recorded
at 4 cm−1 resolution with 100 interferometer scans co-added
for an acquisition time of ca. 60 s. Measurements were
conducted with unpolarized IR radiation, and the optical path
of the spectrometer was purged with dry air from a gas
generator or evaporated cryogenic N2 for at least 30 min prior
to initiating the electrochemical experiments. The spectral
region below 900 cm−1 was not accessible due to absorption in
the Si prism as evident in the single-beam spectrum for the Si/
air and Si/Cu/air interface shown in Figure S1a. The 20 nm
Cu film was deposited on the prism surface by physical vapor
deposition (PVD) via electron beam evaporation. As shown in
Figure S1b, the Cu film is just past the onset of island
coalescence, to take advantage of the percolation threshold
being associated with the strongest enhancement of vibrational
signals.56 In a subset of experiments, a thin Ti adhesion layer
was examined to improve the adhesion between Cu and SiO2;
however, this resulted in an inverted spectral response that will
be reported elsewhere. For electrochemical measurements, a
cylindrical Kel-F chlorotrifluoroethylene cell was mounted on
top of the horizontal working surface of the Cu-coated Si
prism. Electrical contact to the perimeter of the film was
provided by a thin annular Cu foil that was mechanically
pressed against it by a Teflon-coated O-ring defining the outer
diameter of the cell. A Pt coil counter electrode and a Hg/
Hg2SO4/K2SO4(sat’d) (saturated sulfate electrode (SSE))
reference electrode were used. All solutions were made with
18 MΩ cm water (Barnstead EasyPure UV). Commercially
available chemicals were used for all experiments: analytical-
grade H2SO4 (Aldrich) and NaCl (Aldrich), poly(ethylene
glycol), PEG77 (Mw avg ∼ 3400, Aldrich), deuterated poly-
(ethylene oxide), dPEG (Mn avg ∼ 3450 max., 3200 min., Mw/
Mn 1.08, Polymer Source), a poloxamer, poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)
PEO2−PPO31−PEO2 (Mn avg ∼ 2000, Pluronic L-61, Aldrich),
and a poloxamine, ethylenediamine tetrakis(propoxylate-block-
ethoxylate)tetrol (PEO4PPO12)2ED(PPO12PEO4)2 (Mn avg ∼
3600, Tetronic 701, Aldrich). Schematic drawings of the
respective polyethers are shown in Figure 1a.
A fresh Cu surface was prepared for each experimental run.

Preparation involved the following sequence of steps:
mechanical polishing of the Si prism with 0.3 μm and then
0.05 μm diamond paste, sonication in Caro’s (piranha)
solution (75 vol % H2SO4 + 25 vol % H2O2), and drying in
flowing N2 or Ar. The prepared crystal was placed in an
electron beam evaporator and pumped overnight to a pressure
≤2.7 × 10−5 Pa (2 × 10−7 Torr). Additional Si wafer fragments
were placed besides the Si prism to serve as reference and
control specimens for X-ray photoelectron spectroscopy
examination and voltammetric analysis. In a subset of
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experiments, the vacuum was further scrubbed prior to film
deposition by evaporating Ti while the Si prism was protected
by a shield. Metal deposition was initiated by turning the
shielded Si prism, with its native oxide-coated surface, toward
the Cu source. The rate of film growth was controlled and the
final thickness was determined by quartz crystal monitors
located in proximity to the prism substrate. The results
presented in this paper focus on Cu films deposited at fixed
rates of 0.1, 0.05, 0.01, or 0.006 nm/s. No distinctive SEIRAS
features, nor trends, were associated with the deposition rate or
vacuum conditions.
SEIRAS experiments were initiated with the addition of Ar-

sparged 0.1 mol/L H2SO4 electrolyte to the electrochemical
cell. The Cu thin film and adjacent Hg/Hg2SO4/K2SO4(sat’d)
(SSE) reference electrode were sequentially covered with the
electrolyte, and potential control was established when the
counter electrode subsequently made contact, which usually
occurred within 1 s. Potential step and additive titration
experiments were then performed. Typically, multiple spectra
were collected for given electrochemical conditions to establish
and verify time stability as a precondition for interpreting
subsequent potential difference or titration experiments.
Difference spectra are presented as absorbance A, defined as
A = −log(I1/I0), where I1 is the intensity of the reflected beam
at the potential or concentration of interest and I0 corresponds

to that at the specified reference condition. Positive bands
correspond to increased adsorption cross section, indicating
increased coverage and/or transition moment dipole due to
altered orientation of the adsorbing species. Negative bands
correspond to the opposite. Changes in the magnitude and
shape of the absorption bands were quantified by peak
deconvolution using the Voigt or Gaussian peak shape within
the Origin 2016 analysis and graphing program.

■ RESULTS AND DISCUSSION
Voltammetry for Cu deposition from a 0.24 mol/L CuSO4 +
1.8 mol/L H2SO4 electrolyte is shown in Figure 1b. The
addition of Cl− and polyethers results in significant suppression
of the deposition process due to the formation of a passivating
polyether−Cl− layer that blocks access of Cu2+ to the Cu
surface. SEIRAS was used to examine adsorption of the
individual components and their interactions to gain insight
into the structure, dynamics, and function of the overlayer.

SO4
2− Adsorption on Cu in H2SO4. A cyclic voltammo-

gram for a 20 nm PVD Cu film in 0.1 mol/L H2SO4 is shown
in Figure 2. Metal dissolution occurs at potentials positive of

−0.5 VSSE, while proton reduction is evident at more negative
potentials. For SEIRAS measurements, the potential was held
at, or below, −0.55 VSSE to avoid film dissolution, while the
limited adhesion strength of Cu to the oxide-covered Si prism
hindered exploration in the hydrogen evolution region. Despite
these limitations, the potential window examined (gray bar,
inset) overlaps that used for superconformal deposition of Cu
interconnects. The reduction wave at −1.050 VSSE and the
anodic wave centered near −0.670 VSSE correspond to similar,
albeit more well-defined, voltammetric waves previously
reported for freshly prepared Cu(111) in a variety of
electrolytes.25−27

Physical vapor deposition of face-centered cubic (fcc) metals
on amorphous SiOx surfaces usually results in a (111) out-of-
plane film texture. Accordingly, a brief review of prior STM
and infrared reflection absorption spectroscopy (IRRAS)
studies of Cu(111) in 5 mmol/L H2SO4 is warranted.

26,57,58

At potentials >−0.8 VSSE, in the double-layer region, SO4
2−

Figure 1. (a) Chemical structure of three polyether suppressors: PEG,
poloxamer, and poloxamine. (b) Slow scan voltammetry (1 mV/s) of
Cu deposition in the presence of the respective polymers and halide
revealing the importance of co-adsorption and the chemistry and
secondary structure of polyethers in the suppression of the Cu
deposition (0.24 mol/L CuSO4 + 1.8 mol/L H2SO4 + 1 mmol/L
NaCl + 80−90 μmol/L polymer).

Figure 2. Cyclic voltammetry of a 20 nm PVD Cu film supported on
air-formed SiOx on Si reveals waves related to anion adsorption and
reconstruction. The inset gray band corresponds to the potential
window examined by SEIRAS.
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adsorption occurs rapidly, followed by a much slower

reconstruction and expansion of the top Cu surface to form

an ordered √3 × √7 R19° mixed SO4
2− + H5O2

+ adlayer.26

Kinetic limitations on the interlayer Cu mass exchange needed

to form the SO4
2−-covered reconstructed surface account for

the slow ordering dynamics. At potentials <−0.9 VSSE, SO4
2−

desorption occurs accompanied by rapid relaxation to a 1 × 1

Cu(111) metal surface. Repetitive rearrangements with

Figure 3. (a) SEIRAS spectra, referenced to −0.85 VSSE, showing bands related to SO4
2− adsorption on the Cu film in 0.1 mol/L H2SO4. (b)

Example of spectral deconvolution in 1000−1400 cm−1 region using three components. (c) The dominant SO4
2− peak exhibits a Stark shift of 33.1

cm−1 V−1 compared to 55−60 cm−1 V−1 from an IRRAS study of Cu(111).58 The red circle at −0.65 VSSE represents the peak position of the
displacement band due to halide addition (vide infra). (d) The intensity of the respective SO4

2− spectral components, band 1 (1229 cm−1) and
band 2 (1186 cm−1), are correlated and thus the sum (band 1 + band 2) is used for analysis. (e) SO4

2− displacement spectrum following the
addition of 1 mmol/L NaCl at −0.65 VSSE. (f) Potential dependence of SEIRAS SO4

2− data (band 1 + band 2) compared to IRRAS data for
Cu(111).58 The intensity of the potential difference data was offset by the SO4

2− displacement spectra (e).
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potential cycling result in significant roughening of the
interface. The surface structure is highly sensitive to processing
history with the formation of large ordered domains favored by
slow potentiodynamic scan rates, or small potential steps,
whereas poorly ordered layers are formed during more rapid
SO4

2− adsorption, as evidenced by in situ STM studies.26

IRRAS measurements on Cu(111) revealed a potential-
dependent SO4

2− band, whose intensity increased in a
monotonic, but nonlinear, fashion with potential.57,58 At the
same time, a linear Stark shift of 55 cm−1 V−1, from 1205 to
1225 cm−1, was observed based on the reference spectra
collected at a potential negative of the reduction wave that
marks the lower limit of the “double layer” regime. The
potential dependence of the SO4

2− intensity, and thereby
coverage, was hysteretic while the Stark shift was completely
reversible.58 Despite the kinetic constraint, the saturation
IRRAS intensity and its vibrational energy were largely
independent of adlayer ordering. There are no firm reports
of ordered SO4

2− layers on other low-index Cu surfaces in
acidic media.
SEIRAS experiments on the thin PVD Cu films were

initiated upon the addition of 0.1 mol/L H2SO4 with the
electrode poised at −0.65 VSSE. Individual spectra include
substantial contributions from electrolyte species that lie
beyond the double-layer region.53,56 However, by taking the
difference between sequential spectra collected at different
potentials, or before and after titration of a dilute species, the
contributions associated with bulk electrolyte species are
effectively nulled and the sensitivity of SEIRAS to changes in
interface species are revealed. For example, Figure S2 shows
spectra referenced to a spectrum collected at −0.65 VSSE. The
bands near 1234 cm−1 capture increased SO4

2− coverage at
−0.55 VSSE versus a net loss at −0.8 VSSE. Changes in the
water-bending mode, δ(HOH), near 1650 cm−1 and stretching
modes, ν(OH), between 3200 and 3600 cm−1 are also evident.
The potential-dependent trends for adsorbed SO4

2− were
reproducible with potential cycling, as well as between
independent experiments, while the water modes continued
to evolve with cycling.
To determine the potential dependence of anion coverage,

reference spectra are ideally taken at potentials that correspond
to an “adsorbate-free” surface. The negative point of zero
charge (pzc) of Cu, i.e., −0.98 to −1.36 VSSE, combined with
the tendency of the Cu films to delaminate from the Si prism at
such negative potentials made this difficult to implement.59 As
a result, difference spectra were referenced to the most
negative value reliably examined, namely, −0.85 VSSE. Data
collection was initiated immediately after stepping to the
specified potential, and once acquisition was complete,
typically within a minute, the potential was stepped in the
positive direction, typically in 0.05 V increments, and the
process repeated. As shown in Figure 3a, a monotonic increase
in the intensity of the major SO4

2− band at ≈1225 cm−1,
accompanied by a monotonic decrease in the smaller
neighboring peak at 1114 cm−1, occurs between −0.80 and
−0.55 VSSE. The complete spectra with the corresponding
water-bending modes δ(HOH), near 1650 cm−1, and
stretching modes ν(OH), above 3000 cm−1, are shown in
Figure S3a. The bipolar characteristic associated with the
dominant ∼1225 cm−1 band is related to the choice of
reference potential, whereby the negative portion of the spectra
reflects the Stark shift of species previously adsorbed at the
reference potential. The spectra were fit to three peaks, as

shown in Figure 3b, with the peak wavenumber and intensity
of the components summarized in Figure 3c,d, respectively.
Among the spectral components, only the 1205−1230 cm−1

band (SEIRAS band 1) exhibits a Stark shift (≈33−35 cm−1

V−1). Arbitrary normalization of the potential difference
spectra to that at −0.85 VSSE, combined with the absence of
an obvious indication of saturated band intensity at the most
positive potential, hinders determination of the absolute SO4

2−

coverage. Damage to the Cu film by faradaic reactions such as
metal dissolution or hydrogen evolution precluded the use of
an expanded potential range that might reveal saturation.
Potential difference spectra highlight changes in the intensity

and frequency of the vibrational bands but obscure modes that
have minimal potential dependence. Displacement reactions
offer an alternative means to determine the SO4

2− coverage.
For Cu surfaces, halides are suitable candidates as they adsorb
more strongly than SO4

2−.21−27,60 Addition of 1 mmol/L Cl−

to the electrolyte results in complete displacement of SO4
2− at

−0.65 VSSE, as revealed by the four negative titration bands in
Figure 3e. In addition to the strong band centered at 1215
cm−1, a second peak near 1180 cm−1 was necessary to fit the
spectra, along with the smaller adjacent band near 1115 cm−1

and the solitary band at 968 cm−1, close to the Si prism
spectral cutoff. The combined integrated intensity of the 1215
and 1180 cm−1 desorption peaks (band 1 + band 2) in Figure
3e exceeds by a factor of 4−5, that seen in the potential
difference spectra in Figure 3a. This indicates that a significant
SO4

2− coverage is present at the reference potential (−0.85
VSSE) used to generate the difference spectra shown in Figure
3a. The potential difference spectra of Figure 3a are offset by
the intensity loss spectrum (Figure 3e) for the titration
displacement experiment at −0.65 VSSE to account for this
nonzero coverage. The potential dependence of the combined
1215 and 1180 cm−1 bands derived from this procedure is
scaled to the value at −0.55 VSSE and compared to the similarly
scaled integrated intensity of the ≈1215 cm−1 band from the
IRRAS study of Cu(111), as summarized in Figure 3f.58 We
note that the published Cu(111) spectra were also asymmetric
and could be modeled by two correlated symmetric Voigt
functions. As the respective SEIRAS and IRRAS measurements
were performed in electrolytes with different H2SO4
concentrations and reference electrodes, the potential axis for
the Cu(111) literature data was offset, taking −0.680 VSSE to
correspond to 0.0 VRHE, for comparison of the coverage
evolution with the present results. The black arrows in Figure
3f indicate the hysteresis observed between the adsorption and
desorption processes for the Cu(111) IRRAS measurements.58

The favorable overlap of the normalized intensity of the Cu
thin-film data (sum of the 1221−1229 cm−1 (band 1) and
1186 cm−1 (band 2) components) with that for SO4

2−

adsorption on Cu(111) (1200−1225 cm−1) is noteworthy.
The steep increase in the 1215 cm−1 band intensity near −0.9
VSSE marks the onset of SO4

2− adsorption, followed by the
more gradual approach to saturation at more positive potential.
The ca. 30−38 cm−1 V−1 Stark shift of the dominant ≈1225

cm−1 peak in the Cu thin-film SEIRAS measurements,
summarized in Figure 3c, differs from the 60−55 cm−1 V−1

reported for Cu(111).57,58 The peak band energy for SO4
2−

displaced by Cl− at −0.65 VSSE (Figure 3e) is 1215 cm−1,
shifted slightly (−10 cm−1) from the peak position observed in
the potential difference spectra referenced to −0.85 VSSE. The
respective experimental values at −0.65 VSSE, shown in Figure
3c, bracket those reported for Cu(111) while the anticorre-
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lated nature of the 1221−1229 cm−1 (band 1) and 1186 cm−1

(band 2) components reflects convolution of coverage changes
and Stark shift captured in the difference spectra. Contribu-
tions associated with structural dispersion of adsorption sites
on the (111) textured, but nonetheless polycrystalline, Cu thin
film, relative to Cu(111), may also contribute to the difference
in the observed Stark shift. Previous transient measurements
on Cu(111) show that the SO4

2− coverage and associated
Stark shift are established quickly relative to the formation of
the √3 × √7 R19° mixed SO4

2−−H3O
+/H2O adlayer,

indicating that extended in-plane ordering is a second-order
effect relative to SO4

2− binding to (111) surface seg-
ments.26,57,58 An additional source of dispersion between the
experiments is the pH, 0.1 mol/L H2SO4 (SEIRAS) versus
0.005 mol/L H2SO4 (IRRAS), which may alter the degree of
protonation in the adsorbed sulfate layer, i.e., SO4

2−/HSO4
−.

To explore this question, the SEIRAS experiment was repeated
using deuterated reagents, and the potential-dependent spectra
from one of two experiments are summarized in Figure S3b. As
shown in Figure S4, the Stark shift (≈44 ± 3.3 cm−1 V−1) over
the 0.25 V window was slightly altered and the nominal peak
positions shifted ≈6 cm−1; however, after correcting for the
different reference state, −0.8 versus −0.85 VSSE for the
deuterated versus conventional experiment, the difference falls
within the 4 cm−1 measurement uncertainty, indicating that the
SO4

2−, not HSO4
−, accounts for the dominant 1220−1240

cm−1 band.
In contrast to the ≈1215 cm−1 band, no Stark shift was

evident for the weaker 1114 cm−1 band (band 3, Figure 3c).
Repetition of the potential difference study of Figure 3
performed with 88 μmol/L PEG in the electrolyte revealed a
negligible impact on SO4

2− spectra (Figure S4). Possible
overlap exists between the C−O−C PEG backbone modes and
the SO4

2− band; however, the complete set of measurements,
vide infra, indicate either minimal interaction between solvated
PEG and adsorbed SO4

2− or at least negligible potential
dependence for whatever limited amount of PEG is co-
adsorbed.
SEIRAS and IRRAS are sensitive to vibrational modes that

have a significant transition dipole component aligned with the
local surface normal, with the intensity proportional to surface
coverage and the square of the transition dipole moment. In
principle, adsorption of SO4

2− or HSO4
− may occur via one,

two, or three of the oxygen atoms, with the energy and
intensity of the vibrational modes of the respective adsorbed
species being perturbed by the different symmetries. Table S1
provides a summary of spectral assignments for solvated sulfate
species derived from ATR measurements of various electro-
lytes performed using the Si prism covered with its native oxide
(Figures S5−S9). The results are in good agreement with
literature results obtained in a transmission geometry.61 For
0.1 mol/L H2SO4, dissociation of the diprotic acid (pKa = 1.9)
is incomplete and the electrolyte contains 0.11 mol/L H3O

+,
0.09 mol/L HSO4

−, and 0.01 mol/L SO4
2−. Accordingly,

HSO4
− might be expected to be the dominant adsorbed anion.

However, in situ SERS studies of Cu in 1 mol/L H2SO4
indicate that SO4

2− is the adsorbed species, evident by a large
shift and substantial broadening of the totally symmetric
(Raman-active, IR-forbidden) SO4

2− vibrational frequency
from 982 cm−1 for the dissolved species to 967 cm−1 for the
anion adsorbed on the roughened Cu surface.62,63 The
tetrahedral (Td) symmetry of free SO4

2− is lowered by
adsorption to either C3v or C2v with three or four active

bands, respectively.57,58,61 The nominally IR-forbidden 967
cm−1 band is also evident in the SEIRAS sulfate displacement
spectra in Figure 3e congruent with the decreased symmetry
accompanying its adsorption. As with the ≈1215 cm−1 SEIRAS
band (Figure 3b), the 967 cm−1 Raman peak was insensitive to
isotope H2O−D2O exchange, again pointing to adsorbed
SO4

2−.62 Deconvolution of STM images of SO4
2− adsorption

on Cu(111) obtained at high tunneling conductance was used
to infer a C2v configuration with bridging coordination via two
oxygen atoms.26,57,58 However, more recent work on √3 ×
√7 R19° mixed SO4

2−−H3O
+/H2O adlayers formed on other

close packed (111) fcc surfaces, namely, Pt, Ir, Pd, Rh, Au, as
well as (0001) hexagonal close-packed Ru, favors the C3v
assignment.64−66 Common to these isostructural anion−water
adlayers on close packed metal surfaces is an intense IRRAS
band between 1150 and 1310 cm−1 and a weaker band near
950 cm−1. Density functional theory (DFT) calculations for
Pt(111) in sulfuric acid provide an explanation for the energy,
intensity, and positive Stark shift of the strong 1200−1250
cm−1 band consistent with adsorbed SO4

2−.67,68 The intense
band is ascribed to the large dynamic dipole moment and
favorable alignment of the uncoordinated ν(S−O) stretching
mode of SO4

2− bound to the surface by the other three oxygen
atoms.67−69 The weaker band near 950 cm−1 corresponds to
the infrared-inactive symmetric ν(S−O) stretching mode of
SO4

2− that becomes active due to symmetry reduction that
accompanies adsorption. The spectral range for the 950 cm−1

band was only sampled in a subset of measurements, although
the band is clearly present in the SO4

2− displacement spectra
(i.e., Figure 3e). The weaker 1114 cm−1 band that decreases
with potential in Figure 3a is attributed to the loss, or
conversion, of physisorbed SO4

2−. The feature is also evident
in the complementary deuterated experiment shown in Figure
S3b consistent with the triply degenerate ν(S−O) stretching
mode for solvated SO4

2− (Table S1).
SO4

2− Displacement by Cl−. The halides Cl−, Br−, and I−

adsorb strongly on group IB metal surfaces and, depending
upon the potential, form high-coverage ordered phases on low-
index surfaces, as revealed by STM and surface X-ray
diffraction.21−31 As shown in Figure 4, the addition of 1
mmol/L Cl− to 0.1 mol/L H2SO4 results in rapid displacement
of SO4

2− from the Cu surface held at −0.65 VSSE, as evident by
the negative bands centered at 1215 and 1115 cm−1 (and 965
cm−1, as shown in Figure 3e). Displacement of SO4

2− by Cl−

was also reported in prior Raman studies.36,60 Importantly, the
SEIRAS images reveal that the change in adsorbed anion is
accompanied by significant time-dependent perturbation and
rearrangement of the interfacial water structure, as shown by
the distinct changes in the δ(HOH) bending (≈1600 cm−1)
and ν(OH) stretching modes (3000−3600 cm−1). As seen in
Figure 4 following initial halide injection (+0 min), negative
ν(OH) peaks, including subtle changes in the hydronium
modes, are associated with the displaced SO4

2−−H5O2
+

adlayer, while positive peaks reflect the restructured hydration
layer that develops adjacent to the adsorbed halide.
Specifically, the increase at 1625 cm−1 suggests enhanced
alignment of the δ(HOH) water mode adjacent to the halide
layer, while the decrease at 1663 cm−1 is due to disruption of
the H3O

+ species that accompanies desorption of the SO4
2−−

H5O2
+ adlayer.70−72 At the same time, the slight rise in the

broad background intensity near 1750 cm−1 is congruent with
a slight increase of hydronium (Figures S7−S9) that may serve
to screen the negative halide charge. At higher wavenumber,
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the ν(OH) decrease between 2750 and 3500 cm−1 manifests
the displacement and desorption of the water associated with
the SO4

2− adlayer along with changes in the hydronium
continuum, while the more distinct and narrow increase at
3605 cm−1 is ascribed to the formation of non-hydrogen-
bonded water.52,54,55,73,74 Two additional subtle bands, the
minor decrease at 1430 cm−1 and an increase near 1518 cm−1,
are common to the difference spectra collected immediately
after Cl− titration. The inflections overlap those seen in
difference spectra between acids and water (Figures S7−S9)
and, according to recent theory, are ascribed to proton
shuttling that involves a close coupling between bending and
stretching modes.74,75 The changes convolve the loss of
hydronium associated with the displaced SO4

2− + H5O2
+

adlayer with the evolution of screening charge adjacent to
the adsorbed Cl− adlayer.
In the first approximation, disruption of the hydrogen-

bonded network by halide adsorption is analogous to that
associated with the solvation shell of free Cl−.76 ATR
measurements of concentrated NaCl−water electrolytes clearly
reveal disruptions of the hydrogen bond network of water, as
shown in Figure S10. Due to surface enhancement effects, the
3600 cm−1 mode for the Cl− adlayer on Cu in Figure 4 greatly
exceeds the bulk signal associated with the additional 1 mmol/
L NaCl. Polarization provided by surface-bound Cl− might be
expected to draw dangling hydrogen of the free OH, although
an alternative conformation might have the water molecules
straddling the halide or aligned with nearest-neighbor halide
species such that the H2O quadrupole is aligned to the surface
normal. The first non-hydrogen-bonded configuration can be
compared to dangling ν(OH) stretch associated with the
broken symmetry of the air−water interface.52,54,55 The red
shift to lower vibrational energy, from 3700 cm−1 for simple

ν(OH) to 3600 cm−1, reflects the nature of the charge−dipole
interaction between ν(OH) and Cl−. Importantly, a recent
low-energy electron diffraction (LEED)-IV and DFT study of
H2O adsorption on Cu(100) c(2 × 2)Cl− indicates the
formation of a weakly bound water bilayer with 50% of the first
water layer H facing the Cl− adlayer congruent with the
present results.77 In the case of another coinage metal surface,
that of Au, a similarly narrow ≈50 cm−1full width at half-
maximum peak located between 3610 and 3582 cm−1 has been
reported to accompany halide adsorption from 1 mmol/L KX
(X = Cl−, Br−, or I−) electrolyte.78 A slight dependence on the
cation, Li+ versus K+ was observed, while in the present
experiments, electrolyte screening of negative halide charge is
provided by H3O

+. More recently, an SFG study of water−Au
interactions in 1 mol/L HClO4 has revealed a free ν(OH)
band at 3680 cm−1, whose intensity reaches a maximum near
the pzc.79 As the static dipole moment bisects the HOH
molecule, it was argued that as the negative charge on Au
increases further, neither OH bond will be perpendicular to the
metal surface; rather, a balance between orientation and
density effects will ensue. In a related vein, beyond the strong
3669 cm−1 band of free OH band, SFG studies of the
immiscible water/CCl4 interface reveal an additional small
peak at 3600 cm−1, which was assigned to weakly bound
monomeric water with both H facing the CCl4 phase.54,73

Summarizing, the increase in non-hydrogen-bonded water
indicates the development of a more hydrophobic interface
congruent with disruption of the water structure that underlies
the distinction between hydrophobic versus hydrophilic
interfaces.52,54,55,80−82

Sequential SEIRAS spectra collected following Cl− titration
reveal a significant time dependence of the water modes as
shown in Figure 4 (and Figure S11). Following halide addition,
the ordered (“icelike” or tetrahedral water) ν(OH) modes
around 3200 cm−1 and disordered (“liquid” or lower
coordination water) ν(OH) modes at 3400 cm−1 increase on
a time scale of minutes. Recent literature exploring the
structural specificity of such ν(OH) assignments ascribes the
blue shift to weakening of the hydrogen-bonding network as
captured by coupling between stretching and bending
overtones,83 Furthermore, beyond neutral water, the ν(OH)
bands also incorporate the Eigen (≈2800 cm−1) and Zundel
(≈3200 cm−1) stretching modes of hydronium evident in
Figure 4 (and Figure S11).73−75,83 In the present work, the
slow evolution of the 3000−3500 cm−1 spectral band, over 8
min, following Cl− addition is most likely correlated to
coarsening of the freshly formed, ordered Cl− domains and
mesoscopic step structure that impact long-range ordering in
the adjacent hydration layer.21−24,28−30 Similar time-dependent
microstructural effects on SEIRAS water spectra have been
noted for sulfate adsorption on Au.72,84

The properties of bulk water are strongly influenced by
hydrogen bonding between neighboring molecules, while
solutes and interfaces disrupt the network to some extent.85,86

At neat water−air interfaces, non-hydrogen-bonded, free OH
groups protrude into the atmosphere.54,55 The hydration shell
around nonpolar molecular solutes is similarly characterized by
the formation of dangling OH bonds, but with the vibrational
energy red-shifted relative to that at the water−air interface
due to the local electric field.80 For example, the narrow, high-
frequency ν(OH) band at 3700 cm−1 observed at the
water−air interface downshifts to 3674 cm−1 at the water−oil
interface while for neopentanol and related alkane groups in

Figure 4. SEIRAS titration spectra at −0.65 VSSE revealing
displacement of SO4

2−−H3O
+/H2O (negative peaks at 1115 and

1215 cm−1) by Cl− adsorption and rearrangement of the adjacent
water structure (1600−1670 and 3000−3600 cm−1) in 1 mmol/L
NaCl + 0.1 mol/L H2SO4. The narrow non-hydrogen-bonded water
at the 3600 cm−1 band develops rapidly with the formation of the
ordered Cl− adlayer, while the hydrogen-bonded water network
evolves more slowly congruent with mesoscale coarsening of the
halide-covered surface. The noise artifacts in the 4 and 8 min spectra
are associated with atmospheric water contamination of the
spectrometer’s optical path.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b06644
J. Phys. Chem. C 2018, 122, 21933−21951

21939

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06644/suppl_file/jp8b06644_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06644/suppl_file/jp8b06644_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06644/suppl_file/jp8b06644_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06644/suppl_file/jp8b06644_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b06644


water, the peak shifts to 3661 ± 2 cm−1 and for H−π aromatic
ring interactions shifts to 3600 cm−1 have been reported.80,81,87

Accordingly, the band at 3600 cm−1 in Figure 4 is assigned to
an increase in non-hydrogen-bonded water, ν(OH), either as
the dipole or quadrupole, induced by the negative charge of
the Cl−-saturated surface. The increase in non-hydrogen-
bonded water at 3600 cm−1 is accompanied by a similar
increase in the δ(HOH) scissoring mode at 1625 cm−1, and
perhaps a slight increase in the hydronium continuum. With
electrode aging, the envelope of hydrogen-bonded water
reforms and strengthens as the domain size of the templating
ordered Cl− adlayer coarsens. The SO4

2− displacement
experiments were repeated multiple times, e.g., Figure S11,
with fresh electrodes to verify that Cl− titration and adsorption
yield an increase in the 3600 cm−1 non-hydrogen ν(OH)
stretch and the 1625 cm−1 δ(HOH) bending mode. Similar
effects were also noted for Cl− displacement of SO4

2− + D5O2
+

in deuterated electrolyte, as shown in Figure S11b. The ν(OH)
peak at 2659 cm−1 is ascribed to non-hydrogen-bonded water,
while the overlaps between the increase in δ(DOD) with the
loss of SO4

2− is evident. Most importantly, the development of
non-hydrogen-bonded water and its association with hydro-
phobic interfaces have important implications for the co-
adsorption of molecular species on halide-covered surfaces.
Recently, LEED and X-ray surface scattering have been

applied to examine Cl− adlayers on (111) and (100) Cu
surfaces.28−31,77 Modeling scattering from a Cu(100) c(2 × 2)
Cl− surface indicates the halide adlayer templates lateral
ordering of the adjacent water and hydronium species.28,30,77

For acid solutions, hydronium is thought to preferentially
occupy hollow sites in the anionic layer, while the inner
(anionic, Cl−) and outer (cationic, H3O

+) components of the
Helmholtz layer compete for water to form their respective
solvation shells.28 Accordingly, the potential-dependent order−
disorder phase transitions associated with halide adlayers
provides a useful avenue to probe the connection between
adsorbed anions and the neighboring water structure. As
shown in Figure 5, SEIRAS images following a potential step
from −0.65 to −0.8 VSSE reveal a decrease in the δ(HOH) and
non-hydrogen-bonded ν(OH) water bands due to a combina-
tion of partial desorption and disordering of the Cl− adlayer.
The absence of any sign of sulfate adsorption indicates that the

coverage of the disordered Cl− layer is still significant enough
to prevent sulfate adsorption despite the latter being 100-fold
greater in concentration. A similar result was seen in a SERS
and surface X-ray diffraction study.30,60 When the potential is
stepped to a more positive value of −0.55 VSSE the free OH
and other water vibrational modes are intensified relative to the
values observed at −0.65 VSSE. The potential dependence of
the 3000−3500 cm−1 ν(OH) hydrogen-bonded water
envelope tracks that of the non-hydrogen-bonded water near
3612 cm−1 congruent with templating between a compact
ordered halide adlayer and neighboring water structure. The
minor changes at 1238 and 1440 cm−1 are ascribed to changes
in the hydronium shuttling and umbrella modes.75

PEG Adsorption on Cl−-Terminated Cu. PEG adsorp-
tion was examined both in the presence and absence of Cl−.
Accordingly, following the SO4

2− adsorption experiments, 1
mmol/L Cl− was added to the 0.1 mol/L H2SO4 electrolyte
and displacement of the SO4

2−−H30
+/H20 adlayer and the

development of the narrow δ(HOH) and ν(OH) water modes
due to Cl− adsorption at −0.65 VSSE was verified, as shown by
the spectrum in Figure 6. This was followed by the addition of

88 μmol/L PEG (Mw = 3400 g/mol) to the cell, and the
difference spectrum reveals PEG adsorption with multiple
peaks for the different polymer modes. The large multi-
component peak with a maximum intensity near 1100 cm−1

and the narrow adjacent peak at 1030 cm−1 are ascribed to
combinations of C−O and C−C polyether backbone
vibrations and CH2 rocking modes. Four smaller peaks
between 1200 and 1500 cm−1 are associated with the CH2
twist, CH2 wag, and CH2 scissor modes, while the CH2
stretches are evident between 2850 and 3000 cm−1.88−90

PEG adsorption is accompanied by a marked decrease in the
water modes, including the narrow non-hydrogen-bonded
ν(OH) stretch at 3600 cm−1 and the δ(HOH) bending mode
at 1620 cm−1, both formerly associated with the saturated Cl−

layer, and the broad loss of intensity between 3000 and 3500

Figure 5. SEIRAS images, referenced to −0.65 VSSE, show the impact
of potential-dependent phase transitions in the Cl− adlayer on the
adjacent water layer in 1 mmol/L NaCl + 0.1 mol/L H2SO4.

Figure 6. SEIRAS difference spectra collected at −0.65 VSSE after Cl
−

titration (black) (1 mmol/L NaCl + 0.1 mol/L H2SO4), followed by
the addition of PEG (red) (88 μmol/L PEG + 1 mmol/L NaCl + 0.1
mol/L H2SO4). The disruption of water modes by Cl− adsorption
facilitates subsequent co-adsorption of PEG, wherein water is
displaced by the hydrophobic segments while the ethereal oxygen
sites are available for hydrogen bonding.
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cm−1 for hydrogen-bonded ν(OH) water modes. The negative
δ(HOH) peak has a notable shoulder at higher wavenumber,
near 1660 cm−1, which in combination with the sloping
background beneath the CH2 stretching modes, 2850−3000
cm−1, is attributed to a decrease or rearrangement of
hydronium at the interface. In brief, PEG adsorption disrupts
and displaces the hydration layer adjacent to the halide adlayer
as its hydrophobic character favors polyether adsorption over
non-hydrogen-bonded water. The hydrophobic −CH2−CH2−
segments are drawn to the Cl− adlayer, while the lone pair
electrons of the intervening ether −O− contribute to the
formation of the hydrogen bond network with the adjacent
solvent such that the free energy of the Cu−Cl−−PEG layered
interface is minimized.
Further insight into the structure of the adsorbed polyether

layer is obtained by comparison to spectra for the dissolved
and crystalline forms. Spectra for crystalline PEG powder were
collected using a KBr mull in transmission mode, while a series
of PEG−water and PEG−0.1 mol/L H2SO4 solutions were
examined by ATR using the Si prism with its native oxide film.
Representative results for crystalline and solvated PEG (Mw =
3400) along with the deuterated variants are shown in Figures
S12−S17. Peak assignments are based on prior literature that
include an assessment of the dichroic nature of textured
samples, as summarized in Tables S2 and S3.88,89,91−93

The concentration dependence of the spectral features of
solvated PEG was used to quantify the surface enhancement
associated with spectra for PEG adsorption on the Cl−-covered
Cu films. The difference spectra for PEG dissolved in water are
shown in Figure S12, and the magnitude of selected peaks are
summarized in Figure S13. Without surface enhancement from
the Cu film, solvated PEG does not contribute significantly to
the ATR spectra for the 88 μmol/L PEG solution. The
enhanced signal associated with chemisorption on the Cl−-
covered Cu surface ranges from a 150-fold increase in
absorbance for the 1093 cm−1 C−C−O modes to a 450-fold
increase for the 2885 cm−1 methylene stretch modes, as
evident in Figure S13. The variation between individual bands
reflects the conformation of the adsorbed versus solvated
polymer, as detailed below. The spectra in Figure S12 also
reveal the impact of solvated PEG on the water structure itself.
Specifically, for additions of up to 16 mmol/L PEG, a decrease
in the non-hydrogen-bonded ν(OH) water is evident due to
the hydrogen-bonding sites provided by the polyether.
Examination of the C−C−O− backbone and CH2 modes of

the adsorbed PEG−Cl− suppressor layer reveals several
important differences relative to solvated PEG. The intensity
ratio of the −C−C−O− envelope, 1000−1200 cm−1 in Figure
7a (and Figure S18a), to the methylene bands, 2700−3100
cm−1 in Figure 7b (and Figure S18b), decreases from 4.75 for
the solvated polymer to 2.5 for the adsorbed layer. The
anisotropy reflects the structure and orientation of the
adsorbed PEG layer convolved with the IR selection rules,
SEIRAS only being sensitive to components of dipole
transitions that are perpendicular to the local surface normal.
The change in the ratio of the C−C−O envelope to the CH2
modes implies a net preferential arrangement of the CH2
modes along the local surface normal and/or preferential
arrangement of the C−C−O within the surface plane. Other
spectral features of interest are the increased intensity of the
1030 cm−1 band, changes in the component contributions to
the ≈1095 cm−1 −C−C−O− and methylene envelope, and
variations in the other CH2 modes as indicated in Figure 7c.

Figure 7. SEIRAS spectra for co-adsorbed PEG−Cl− (88 μmol/L
PEG) and weakly adsorbed PEG (88 μmol/L PEG) compared to
solvated PEG (20 mmol/L PEG). The shape and relative magnitude
(see text) of the (a) −C−C−O− envelope and (b) CH2 stretch
region reflect the anisotropy associated with PEG adsorption on the
Cl−-covered Cu surface. (c) The PEG−Cl− layer exhibits increased
intensity of the 1030 cm−1 −C−C−O−, CH2

rock, and 1307 cm−1

CH2
twist modes due to an increase in the percentage of gauche (G)

C−O−C segments associated with deviation of the adsorbed
molecules from the dominant helical arrangement of solvated PEG.
Deconvolutions of the spectral envelope in (a) and (b) are provided
in Figure S18.
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A close inspection of the multicomponent peak envelope
centered near 1100 cm−1 in Figure 7a (the deconvolved
components shown in Figure S18a and listed in Table S4)
reveals that the ratio of 1100/1067 cm−1 and 1100/1134 cm−1

components for the adsorbed polymer are significantly reduced
compared to solvated PEG, while the opposite is true for the
adjacent band at 1030 cm−1. Previous polarized infrared
spectra for highly oriented crystalline PEG specimens
(summarized in Table S3) provide insight into these
differences;92,93 when the main helical axis of PEG lies within
the surface plane, the modes exhibiting perpendicular
dichroism are favored while the opposite is true for parallel
dichroism. Accordingly, with reference to spectra for oriented
crystalline PEG and isotropic solvated PEG, the perpendicular
modes ν(C−O−C) + r(CH2) at 1060 cm

−1, ν(C−C) + ν(C−
O−C) at 1147 cm−1, and ν(C−O−C) at 1116 cm−1 of the
adsorbed PEG layer are favored over the parallel ν(C−O−C)
mode at 1103 cm−1. Likewise, as shown in Figure 7b (the
deconvolved components shown in Figure S18b and listed in
Table S4), the intensities of the components of the methylene
envelope, also affected by dichroism, show an increase in the
perpendicular component of the antisymmetric stretch at 2950
cm−1 congruent with the assumption that PEG lies in the plane
of the Cl−-covered Cu surface. The same arguments apply to
the relative intensity of the rock, twist, wag, and scissor modes,
as detailed below.
In the solid state, crystalline PEG/PEO adopts a helical form

with rotation about the C−C bond in the O−C−C−O
sequence in the gauche (G) (±60° about the C−C backbone
bond axis) conformation, while the C−O−C bond maintains a
trans (T) (180° rotation) configuration.89,92,93 The trans−
gauche−trans (T−G−T) O−C−C−O helical form has the
hydrogen in CH2 pointing outward, while the ether oxygen
points inward toward the helical axis. When dissolved in water,
hydration interactions between the polar ether, nonpolar alkyl
groups, and surrounding water stabilize the T−G−T
conformation with hydrogen bonding between ether O and
water.88−91 The situation is optimal when the C−C bond is G
such that the 0.29 nm spacing between neighboring ether O
atoms is close to the 0.285 nm O−O distance in liquid water.
Defects and variations in the water-stabilized helical con-
formations are conferred by ±G rotation about the C−C bond,
while deviations from the T conformation about the C−O axis
provide important structural flexibility. Interestingly, for higher
PEG concentrations in water, chain interactions are dominated
by hydration forces, and the formation of flexible plates one
molecule in thickness has been suggested.91 Adsorption is
associated with additional interactions due to the double-layer
electric field and wetting forces that can influence polymer
assembly on the Cl−-covered Cu surface. In principle, this can
include configurations that deviate substantially from the
helical conformation that, among other variants, could include
arrangements where the polar ether and nonpolar alkyl groups
are biased to opposite sides of the molecule, whereby the
amphiphilic character is expressed and stabilized by the metal−
electrolyte interface.90 Indeed, the use of electrode polarization
to induce conformation bias has been recently demonstrated
for crown ether moieties adsorbed on graphene surfaces.94 In a
similar fashion, the impact of co-adsorption of cationic species
has also been explored.47,49,94

The CH2 modes evident in Figure 7c include the
antisymmetric CH2 twist at 1256 cm−1, the symmetric CH2
twist at 1292−1307 cm−1, the antisymmetric CH2 wag at

1333−1350 cm−1, and the CH2 scissor at 1446−1474 cm−1.
The CH2 twist and wag modes are diagnostic of the G/T
conformation around the C−O and C−C bonds, respec-
tively.88,89 The CH2 twist modes at 1292 and 1307 cm−1

correspond to T and G conformations about the C−O bond,
while CH2 wag modes at 1325 and 1350 cm−1 correspond to
the T and G states about the alkyl C−C bond, respectively.
The spectra in Figure 7c show that the G form of the
asymmetric CH2 wag at 1350 cm−1 dominates the T band at
1325 cm−1 for both the PEG−Cl− layer and the solvated
polymer. This is in good agreement with literature results for
short- (Mw = 600 g/mol) and long-chain (Mw = 2000 g/mol)
PEG dissolved in water, indicating that the water-stabilized G
conformation about the C−C bond of fully solvated species is
maintained in the adsorbed PEG−Cl− layer.88 In contrast, the
conformation about the C−O bond is substantially altered by
adsorption on the Cl−-covered surface. For dissolved PEG, the
1305 cm−1 (G) to 1288 cm−1 (T) peak height ratio for the
CH2 twist band is close to unity, consistent with prior literature
results (see Figure 10 in ref 88). However, for PEG adsorbed
on the Cl−-covered surface, the 1307 cm−1 G band is
substantially greater than the 1292 cm−1 T peak, indicating a
substantial increase in the G conformation about the C−O
bonds.
In addition to the increased G conformation about the C−O

bonds, a survey of the literature indicates that the prominent
narrow band at 1030 cm−1, ascribed to a combination of C−O
and C−C polyether backbone and CH2 rocking modes, is not
widely observed and may be taken as another important
marker of PEG conformation change upon adsorption on the
Cl−-covered Cu surface. A normal coordinate analysis of the
hybridized coupling between various −C−C−O− backbone
modes of CH3(OCH2CH2)nOCH3 oligomers with n = 2, 3,
and 6 suggests that the 1030 cm−1 band is associated with
either the xTG-TGx or xGG-GGx sequence (among the 72
different conformations of CH3O−CH2−CH2−O−CH2−
CH2−OCH3 examined), with the caveat that neither hydrogen
bonding nor related chain−chain or chain−surface interactions
were considered in the analysis.89 A recent STM study of PEG
adsorption on negatively charged Au revealed a monolayer film
with extended winding, linear features (Figure 2f of ref 43)
congruent with individual polymer chains. The surface-
confined packing and meandering nature of individual PEG
chains is consistent with the measured increase in G
conformation about the C−O bond. The strength of the
1030 cm−1 band, relative to that for the solvated state, indicates
disruption of PEG’s helical structure congruent with additional
G conformation about the C−O bonds. The above features,
combined with quenching of the non-hydrogen-bonded water
modes associated the Cl−-terminated surface, suggest a
structural bias with CH2 groups facing the halide-covered
metal, while the ethereal O forms hydrogen bonds with the
adjacent solvent. Further support for this interpretation is
provided by an electrospray mass spectrometry study that
indicates an association between Cl− and short-chain
polyethers.95 Accompanying molecular dynamics simulations
suggest that the halide is coordinated with −CH2− groups of
the polymer to form quasi-cyclic structures, analogous to
crown ether cationic complexes but with the polarity inverted.
Performing the same SEIRAS experiment in the absence of

halide (Figures 7a,b and S16−S18 and Table S4) results in a
much smaller PEG signal; the intensity of the 1000−1200
cm−1 −C−C−O− backbone and 2750−3050 cm−1 CH stretch
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envelope being 0.38 and 0.29, respectively, of that for the
PEG−Cl− suppressor layer. Furthermore the shape of the
−C−O−C− backbone and CH2 modes have features in
common with solvated species, indicating weak physisorption
of the polymer.
PEG co-adsorption with Cl− was also examined using the

deuterated polymer, dPEG, as summarized in Figure S17.
Consistent with PEG, there is a relative attenuation of C−C−
O modes polarized along the chain axis, reflecting the
anisotropy associated with dPEG adsorption as a surface-
confined train on the Cl−-covered Cu electrode. In the absence
of Cl−, only a very weak spectrum is observed for dPEG
congruent with the results for PEG alone.
Effect of Potential. As PEG adsorption is facilitated by the

effect of Cl− on interfacial water structure, the perturbation of
the underlying halide layer by its potential-dependent order−
disorder phase transition was used to further probe the nature
of polyether co-adsorption. Prior work on Cu(100) (and
related unpublished work on Cu(110)) reveals that the Cl−

order−disorder transition on the respective crystal surfaces in 1
mmol/L NaCl + 0.1 mol/L H2SO4 is shifted −50 mV by the
addition of PEG, indicating stabilization of the ordered Cl−

phase by polyether co-adsorption.19,25,29 Difference spectra
following a potential step to values more positive and negative
of −0.65 VSSE are shown in Figure 8 and suggest disruption of

the PEG−Cl− layer at negative potentials. At more positive
potentials, −0.55 VSSE, an additional increment of PEG
adsorption is manifest as a slight increase of the −C−O−C−
backbone band (1110 cm−1) and CH2 stretch region (2800
cm−1) accompanied by a decrease in the non-hydrogen-
bonded water ν(OH) near 3600 cm−1 and the δ(HOH) at
1625 cm−1. In contrast, stepping to −0.80 VSSE leads to a loss
of intensity of the PEG backbone mode at 1029 cm−1, −C−
O−C− and CH2 twist (G) modes near 1311 cm−1, scissor
mode at 1443 cm−1, and C−H stretch modes between 2872
and 2954 cm−1. The paradoxical increase in the 1110 cm−1

band may reflect reorientation and partial solvation of the

polymer backbone segments related to the loss of the 1029
cm−1 mode. Partial desorption and/or rearrangement of the
polymer is accompanied by an increase in the δ(HOH) at
1625 cm−1 and the non-hydrogen-bonded ν(OH) water
stretch near 3600 cm−1, along with a weaker increase in the
broad envelope for hydrogen-bonded water. The changes
reflect strengthening of non-hydrogen-bonded water modes on
surface regions where PEG is lost from the interface. The
disruption of the PEG layer at negative potential is congruent
with and underlies the increase of the metal deposition rate at
negative potentials evident in Figure 1 and in numerous other
studies.3,5,8−17 It is notable that the potential induced
alterations of the water mode are only 10−20% the size of,
and anticorrelated with, those observed when the experiment is
performed in the presence of Cl− alone (i.e., Figure 5), which
reflects the cooperative and competitive interactions between
PEG, Cl− and water during co-adsorption.

PEG Adsorption on Cu in the Absence of Cl−. The
importance of halide adsorption to polyether co-adsorption
was also examined by reversing the order of additive addition,
namely, PEG followed by Cl−. As in Figure 7a, Figure 9a shows
detailed difference spectra collected at −0.65 VSSE after the
addition of 88 μmol/L PEG to 0.1 mol/L H2SO4 revealing a
small increment of PEG adsorption. The vibrational bands are
significantly smaller than those obtained from the PEG layer
formed in the presence of Cl−. The intensity of the 1100 cm−1

multicomponent peak for the backbone C−O−C modes of
PEG on Cu is 38% that observed for the PEG−Cl− layer on
Cu. PEG adsorption is accompanied by a measurable but small
loss of sulfate intensity near 1216 cm−1. The PEG layer formed
in the absence of Cl− clearly adopts a different structure as
reflected by the absence of the associated signature mode at
1030 cm−1. Similarly, the 1307 cm−1 symmetric twist is greatly
diminished, its intensity of similar order to the 1290 cm−1

peak, indicating that the proportion of gauche C−O bonds for
adsorbed PEG is significantly less than that for the PEG−Cl−
layer. In fact, the 1290/1307 cm−1 peak ratio is close to unity,
like that reported for the fully solvated polymer.88

Influence of Cl− Additions on PEG Adsorption. The
addition of Cl− to electrolyte already containing PEG induces
significant changes, as shown in the difference spectra in Figure
9a. Displacement of the SO4

2− species by Cl− adsorption is
evident from the negative peaks centered at 1217, 1117, and
969 cm−1, similar to its displacement observed in the absence
of PEG. In the presence of PEG, subsequent Cl− adsorption is
accompanied by the development of the signature peak at 1030
cm−1 and an increase in the intensity at 1307 cm−1 for the CH2
twist, 1350 cm−1 for the CH2 wag, and 1447 and 1470 cm

−1 for
the CH2 scissor. The 1030 and 1307 cm−1 bands reflect a
significant increase in the population of C−O bonds in the
gauche conformation. The increased PEG coverage associated
with Cl− introduction and adsorption is also reflected in the
increased intensity of the CH2 stretch spectrum shown in
Figure 9b and relative strengthening of the 2878 and 2954
cm−1 CH2 modes. Summing the methylene stretch spectra for
the sequential addition of PEG and Cl− gives a favorable
agreement with that obtained for the inverse order, namely,
PEG adsorption on the Cl−-covered Cu surface. The related
increase in the polyether backbone modes centered near 1095
cm−1 in Figure 9a is partly obscured by the loss of SO4

2− that
accompanies the halide addition. Nonetheless, the Cl−-induced
increase in polyether coverage inferred from the methylene
stretch band 2878−2954 cm−1 for PEG and PEG−Cl−

Figure 8. SEIRAS experiments revealing the potential dependence of
the PEG−Cl− suppressor layer. Upon stepping from −0.65 to −0.8
VSSE, disruption of the polymer occurs as evident in the negative
polymer bands and the complimentary increase in water and non-
hydrogen-bonded water modes. In contrast, stepping from −0.65 to
−0.55 VSSE leads to a loss of water modes and increase in the polymer
−C−C−O− and CH2 modes.
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compares favorably to the increase in the other CH2 polymer
modes. Examination of the complete spectral window reveals
the loss of hydronium and water with the displacement of
SO4

2− and co-adsorption of Cl− and formation of the PEG−
Cl− layer (Figure S19). Within the variation observed between
multiple experiments, the shape and magnitude of the linear
combination of the PEG and Cl− spectra in Figure 9a compare
favorably to those of the PEG−Cl− spectra. The demonstration
that the final suppressor layer is essentially independent of the
order of additive addition is consistent with ellipsometry
measurements, which indicated that the optical thickness of
the PEG−Cl− layer is independent of the order of additive
addition.34

Numerous electrodeposition studies have demonstrated that
Cl− is required to form an effective polyether suppressor layer
for inhibiting Cu deposition reactions.3−17 Comparing the
PEG−Cl− layer to PEG adsorbed in the absence of Cl−

indicates that the conformation(s) associated with increased
intensity of the 1030 and 1307 cm−1 band is associated with
the formation of an effective blocking layer. The increased
band intensity for co-adsorbed PEG−Cl−, versus PEG alone,
reflects additional mass density and thereby a more compact
overlayer. Effective packing of the nominally linear molecule
on the hydrophobic Cl−-covered surface will involve kinks and
in-plane loops that necessarily involve deviations from the
polymer’s native helical form that manifest in the increase in G
conformations about the C−O bonds in the polymer
backbone. At the same time, the dominant G arrangement of
the C−C bonds supports effective coupling of ethereal oxygen
to the hydrogen bond network in the adjacent electrolyte.
Poloxamer and Poloxamine Adsorption on Cl−-

Covered Cu. The aspect ratio of recessed features that can
be filled by superconformal copper deposition is dependent on
the dynamic range available between suppressed and actively
growing surfaces.3−20 The search for more effective suppres-
sors has largely focused on more complex polyethers ranging
from block copolymers to star-shaped block copolymers as well
as exploration of the role of fixed charges.5,15,96−102 Herein,
two different classes of polyethers, poloxamer and poloxamine,

have been selected to examine the role of oligomer chemistry
and secondary structure in the adsorption process (see Figure
1).103−106 Poly(propylene oxide) (PPO) is the largest
component in both molecules. The methyl side group
introduces additional hindrance to hydration that sharply
increases the hydrophobic character relative to poly(ethylene
oxide) (PEO). For higher-molecular-weight triblock PEO−
PPO−PEO poloxamers, variations in hydration often result in
the formation of a polymer brush conformation, where the
central PPO segment is segregated to surfaces while the PEO
termini are solvated within the aqueous phase.104 Compared to
PEG, hydration forces are expected to favor a more spherical
conformation for the PPO core of the poloxamer of interest,
PEO2PPO31PEO2. For the poloxamine, (PEO4PPO13)2N-
(CH2)2N(PPO13PEO4)2, the ethylenediamine core provides
additional steric constraint, while protonation of the diamine
core gives rise to a fixed charge.105,106 In the present work, the
PEO blocks that facilitate solvation of the poloxamer and
poloxamine are quite short, a 2-mer and ≈4-mer, respectively,
while the hydrophobic PPO core is expected to increase the
strength of polymer adsorption at hydrophobic surfaces.
For typical polymer and Cl− concentrations used for

superconformal electrodeposition, inhibition of Cu deposition
increases with the development of secondary structural motifs,
as shown in Figure 1. SEIRAS experiments probing the co-
adsorption of these polymers with Cl− reveal trends similar to
that observed with PEG. As shown in Figures 10 and 11, the
addition of halide at −0.65 VSSE displaces the SO4

2−−H3O
+/

H2O layer and results in the development of significant non-
hydrogen-bonded interfacial water (≈3600 cm−1). The
subsequent addition of the poloxamer (Figure 10) or
poloxamine (Figure 11) results in polyether adsorption on
the hydrophobic Cl−-covered surface accompanied by a
substantial decrease in both non-hydrogen-bonded and
hydrogen-bonded water. For both polymers, the large
multicomponent peaks at 1084 and 1088 cm−1, along with
the small narrow bands at 1012 and 1014 cm−1, correspond
chiefly to C−O−C backbone modes. The 1088 cm−1

Figure 9. (a) C−C−O− backbone spectra based on the order of additive titration at −0.65 VSSE; PEG addition to NaCl + H2SO4 (red), PEG
addition to H2SO4 (orange), NaCl addition to PEG + H2SO4 (blue), NaCl to H2SO4 (green). (b) Dependence of methylene spectra on the order
of additive titration at −0.65 VSSE; PEG addition to NaCl + 0.1 mol/L H2SO4 (red), PEG addition to H2SO4 (orange), and NaCl addition to PEG
+ H2SO4 (blue). The final concentrations of the respective additives in 0.1 mol/L H2SO4 were 1 mmol/L NaCl and 88 μmol/L PEG.
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poloxamine peak (Figure 11) also includes contributions from
the aliphatic ethylenediamine core.
For reference purposes, spectra for the as-received neat

liquid poloxamer (Figure S20a) and poloxamine (Figure S20b)
were examined and found to be quite similar. Subtraction of
the two spectra reveals contributions between 1020 and 1190
cm−1 that are at least partly attributed to poloxamine C−N
modes (Figure S20). For the suppressor layers, the peak energy
of the multicomponent C−O−C peak envelope found at 1095

cm−1 for adsorbed PEG−Cl− (Figure 9) shifts to 1088 cm−1

for poloxamine−Cl− and 1084 cm−1 for poloxamer−Cl−. The
trend is opposite to that reported for solvated triblock PEO
and PPO polymers, presumably due to the interaction with the
halide adlayer.107 The CH2 stretch modes between 2800 and
3000 cm−1 are similar for the two polymers with the additional
peak at 2976 cm−1 for the antisymmetric stretch of the methyl
groups in the PPO segments. Likewise, the symmetric CH3
umbrella mode of the PPO block is evident at 1379−1380
cm−1. Compared to more concentrated solution of larger
poloxamers, the CH3 and CH2 band energies suggest that the
adsorbed polymer has more in common with isolated chains
than micelles.107

Curve fitting and area measurements of the C−O−C
backbone and CH2/CH3 stretch region of the respective
polyether−Cl− suppressor layers as well as the neat references
are summarized in Figures S21 and S22 and Tables S5 and S6.
The ratio of the area of the large multicomponent C−O−C
peak to that of the methylene stretch region for the adsorbed
polyether−Cl− adlayer is 2.47 for the poloxamer and 3.67 for
the poloxamine. The former is similar to the 2.5 for the PEG−
Cl− adlayer (Table S4). In both cases, the ratio for the
adsorbed layer is smaller than the 4.35 value of the neat,
isotropic, liquid polymers. As with PEG, the decrease reflects
the anisotropy introduced by adsorption of the respective
polymers on the Cl−-covered surface. The weaker change for
the poloxamine is attributed to more limited molecular
rearrangement during its adsorption due to constraints that
arise from branching at the ethylenediamine core that give the
polymer a more spherical motif. Compared to the respective
neat forms, a relative decrease of the ∼2866 cm−1 and increase
of the ∼2932 cm−1 CH2 stretch modes is evident in Figures
S21 and S22 for the block polyethers adsorbed on the Cl−-
covered surface. The anisotropy associated with polyether co-
adsorption is also evident in the red shift of the C−O−C peak
envelope of the respective polymers. Comparison to the
solvated versions of the respective polyethers would be useful,
but this awaits future investigation.

Poloxamer and Poloxamine Adsorption on Cu in the
Absence of Cl−. The importance of anion adsorption in the
co-adsorption of poloxamer and poloxamine was examined by
reversing the order of additive addition at −0.65 VSSE. As
shown in Figure 12a,b, the addition of 82 μmol/L poloxamer
to 0.1 mol/L H2SO4 leads to weak adsorption similar to PEG,
as evident by the small multicomponent peak near 1084 cm−1,
the CH3 mode at 1379 cm−1, the scissor modes near 1450
cm−1, and the CH2 stretches between 2850 and 3000 cm

−1. On
the basis of the size of the latter two bands, the poloxamer
coverage is ≈34% that observed for the poloxamer−Cl−
surface. The small dip near 1217 cm−1 in the poloxamer-only
spectrum suggests that adsorption is accompanied by slight
displacement of the SO4

2− species. The potential dependence
of SO4

2− adsorption was thus examined and, as shown in
Figure S23, a potential step to −0.55 VSSE led to an increase in
SO4

2− coverage, followed by a decrease upon stepping to −0.8
VSSE. The changes are almost identical to those observed for
the polymer-free electrolyte. The slight difference in the SO4

2−

absorbance, ≈2.5 × 10−4 in Figure S23, is of the same order of
magnitude as the decreased sulfate band, ≈4 × 10−4, in the
−0.65 VSSE polymer titration spectrum in Figure 12a.
Compared to the polymer-free spectrum in Figure S23, the
small decrease near 1100 and 1450 cm−1 at −0.8 VSSE is due to
a minor loss of the −C−C−O− backbone and CH2 scissor

Figure 10. SEIRAS difference spectra at −0.65 VSSE after Cl
− titration

(black) (1 mmol/L NaCl + 0.1 mol/L H2SO4), followed by the
addition of poloxamer (red) (82 μmol/L PEO2PPO31PEO2 + 1
mmol/L NaCl + 0.1 mol/L H2SO4). Disruption of the water modes
by Cl− adsorption (black) facilitates the subsequent co-adsorption of
poloxamer (red) where water is displaced by the hydrophobic
segments while the ethereal oxygen forms hydrogen bonds with the
adjacent electrolyte.

Figure 11. SEIRAS difference spectra at −0.65 VSSE after Cl
− titration

(black) (1 mmol/L NaCl + 0.1 mol/L H2SO4) followed by the
addition of poloxamine (red) (87 μmol/L poloxamine + 1 mmol/L
NaCl + 0.1 mol/L H2SO4). The disruption of the water modes by Cl−

adsorption (black) facilitates the subsequent co-adsorption of
poloxamine (red) where water is displaced by the hydrophobic
segments while the ethereal oxygen forms hydrogen bonds with the
adjacent electrolyte.
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modes upon rearrangement and desorption of a small amount
of poloxamer.
In contrast to PEG and poloxamer, a larger increment of

poloxamine adsorption occurs with its addition to 0.1 mol/L
H2SO4, as shown in Figure 13a,b. The multicomponent
polyether backbone mode at 1088 cm−1 for C−O−C also
includes C−N+ contributions from the ethylenediamine core
while the CH2 wag at 1347 cm−1, CH3 mode at 1379 cm−1,
CH2 scissor modes at 1453 and 1467 cm−1, and the CH stretch
region between 2878 and 2976 cm−1 are all resolved. The
negative peak near 1225 cm−1 marks the decrease in SO4

2−

coverage that accompanies poloxamine adsorption. Examina-
tion of the SO4

2− potential dependence upon stepping from

−0.65 to −0.8 or −0.55 VSSE reveals a notably smaller change
compared to the polymer-free system as shown in Figure S24.
The adsorbed polymer results in a decrease in the SO4

2−

coverage available for reversible adsorption/desorption. The
interaction between SO4

2− and the protonated ethylenedi-
amine C−N+ core of the poloxamine is also evident in the
change in the shape and position of the SO4

2− band. However,
no other changes in the polymer modes were resolved for the
potential range examined.

Influence of Cl− Additions on Poloxamer and
Poloxamine Adsorption. As with PEG, the addition of
Cl− to the poloxamer solutions results in significant changes in
the difference spectra, as shown in Figure 12 (and Figure S25).

Figure 12. (a) PEO2PPO31PEO2 backbone spectra based on the order of additive addition at −0.65 VSSE; PEO2PPO31PEO2 addition to NaCl +
H2SO4 (red), PEO2PPO31PEO2 addition to H2SO4 (orange), NaCl addition to PEO2PPO31PEO2 + H2SO4 (blue), and NaCl to H2SO4 (green).
(b) Dependence of the methyl and methylene spectra on the order of additive titration at −0.65 VSSE; PEO2PPO31PEO2 addition to NaCl + H2SO4
(red), PEO2PPO31PEO2 addition to H2SO4 (orange), and NaCl addition to PEO2PPO31PEO2 + H2SO4 (blue). The final concentration of the
respective additives in 0.1 mol/L H2SO4 were 1 mmol/L NaCl and 82 μmol/L poloxamer.

Figure 13. (a) Poloxamine backbone spectra based on the order of additive addition at −0.65 VSSE; poloxamine addition to NaCl + H2SO4 (red),
poloxamine addition to H2SO4 (orange), NaCl addition to poloxamine + H2SO4 (blue), and NaCl addition to H2SO4 (green). (b) Dependence of
the methyl and methylene spectra on the order of additive titration at −0.65 VSSE; poloxamine addition to NaCl + H2SO4 (red), poloxamine
addition to H2SO4 (orange), and NaCl addition to poloxamine + H2SO4 (blue). The final concentration of the respective additives in 0.1 mol/L
H2SO4 were 1 mmol/L NaCl and 87 μmol/L poloxamine.
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Complete displacement of the SO4
2− species by Cl− adsorption

occurs as indicated by the negative peaks centered at 1217,
1117, and 969 cm−1 similar to the spectra for SO4

2−

displacement by Cl− in the polymer-free electrolyte. Halide
adsorption is accompanied by an increased intensity for the
1012 and 1084 cm−1 bands associated with the −C−C−O−
backbone modes although the latter is somewhat obscured by
overlap with the SO4

2− desorption peak. Likewise, an increase
in the CH2 twist at 1291 cm−1, the CH2 wag near 1347 cm−1,
the CH3 mode at 1379 cm−1, and the scissor bands at 1451
and 1467 cm−1 are evident along with the substantial increase
in the CH2 stretch modes between 2850 and 3000 cm−1. The
Cl−-stimulated desorption of SO4

2− and co-adsorption of the
poloxamer are accompanied by displacement of hydronium
and the water modes, both hydrogen-bonded and non-
hydrogen-bonded, as shown in Figure S25.
Similar trends are evident with the addition of Cl− to the

poloxamine-containing electrolyte, as shown in Figure 13.
Compared to PEG and poloxamer, the increment of polymer
adsorption is smaller due to the higher initial polymer
coverage. Nonetheless, with the Cl− addition, the remaining
SO4

2− is displaced and the poloxamine multicomponent
polyether backbone band increases along with the CH2 wag
near 1347 cm−1, CH3 mode at 1379 cm−1, and the scissor
bands at 1453 and 1467 cm−1. As with the lower-wavenumber
spectra, the intensities of the CH2 and CH3 stretch band
increase with the addition of Cl−, almost doubling the
poloxamine coverage consistent with the related loss of
SO4

2− bands with sequential poloxamine and Cl− addition.
Linear combination of the poloxamine spectra with that
following Cl− addition matches the intensity associated with
the inverse order of additions. Thus, the final poloxamine−Cl−
layer is not dependent on the history of additive addition. As
with the other polyethers, displacement SO4

2−−H3O
+/H2O by

halide addition is accompanied by significant loss in the
hydronium and water modes coincident with the formation of
the saturated poloxamine−Cl− layer, as shown in Figure S26.
Discussion. Water-soluble polymers play a major role in

many aspects of surface science and surfactant technology.
Solvation of polyethers is intimately associated with hydrogen
bond formation with ethereal oxygen, while their surfactant
activity is related to interfacial water structure that is
responsive to different surfaces and related chemistry.50,51

For Cu electrodeposition, the present experiments indicate an
important role of anion-mediated changes in interface
hydrophobicity in polyether co-adsorption. This insight stands
in contrast to prior efforts that focused on Cu+−ether-
mediated binding to Cu surfaces.10,36,37

SEIRAS measurements reveal the profound effect of anion
adsorption on the water structure at Cu surfaces. At −0.65
VSSE in 0.1 mol/L H2SO4, a mixed SO4

2−−H3O
+/H2O adlayer

forms on Cu(111) that when ordered is isosymmetric with that
reported for other fcc (111) surfaces.57,58,64−68 For the Cu thin
films studied herein, the potential-dependent coverage of the
sulfate adlayer is similar to that reported for Cu(111).57,58 The
differences that remain are presumably associated with finite
terrace size and dispersion of orientations associated with the
PVD films. When halide is added to the electrolyte, the co-
adsorbed SO4

2−−H3O
+/H2O is displaced as Cl− rapidly forms

a compact ordered adlayer on the low-index surface segments.
Previous STM studies reveal that this is accompanied by
significant step faceting and coarsening with time.21−27 The
ordered halide adlayer on the Cu thin film gives rise to a

narrow vibrational band near 3600 cm−1 congruent with
significant non-hydrogen-bonded water with the net positive
dipole of O−H being oriented toward the Cl−-covered Cu
surface. The −100 cm−1 red shift to 3600 cm−1 compared to
that of free OH− species observed at the water−air interface
(3700 cm−1) may be associated with the halide
charge.52,54,55,80,81,87 In addition to free OH, “labile” H2O
(with neither H involved in hydrogen bonding) with its net
molecular dipole oriented close to the surface normal has also
been reported near 3600 cm−1.54,73 In either case, the halide
adlayer clearly serves to stabilize non-hydrogen water at the
interface. Following halide titration, the non-hydrogen-bonded
water mode rises rapidly, followed by a much slower evolution
of the hydrogen-bonded water over a time scale of minutes.
The latter maybe related to further templating of the water
structure as the domain size of the ordered halide layer
increases with slow coarsening of the mesoscale surface
features. Similar reports of the sensitivity of water modes to
reorganization of surface structure exist for Au surfaces.72,84

Most importantly, several vibrational spectroscopy studies of
water−air and water−solvent interfaces suggest an association
between the development of non-hydrogen-bonded, dangling
“free” OH and hydrophobic behavior.52,54,55,80−82 It follows
that the high surface tension of water is intimately related to
disruption of its hydrogen bond network. The amphiphilic
nature of PEG is such that the disrupted water structure
associated with the halide-covered Cu surface can be effectively
dissipated by polyether segregation to the interface, whereby
the hydrophobic CH2−CH2 components are biased toward the
halide layer, while the ethereal oxygen sites are available for
hydrogen bonding with the adjacent water network.
PEG co-adsorption on the Cl−-covered Cu surface, as

reflected in the −C−C−O− backbone, CH2 twist, and CH2
wag modes, results in significant deviations from the water-
stabilized T−G−T, −O−C−C−O− helical conformation
associated with its solubility in water. Specifically, the increase
in G (gauche) arrangement around the ethereal C−O−C
bond, indicated by the backbone mode at 1030 cm−1 and the
CH2 twist at 1307 cm−1, reflects the disruption of the helical
backbone. Even in the absence of water, studies of energy
funneling during melting of helical PEG point to C−O bond
rotation as the more favored deformation path.108 In the
present case, the hydrophobic nature of the Cl−-terminated
surface induces restructuring of the polymer’s secondary
structure during adsorption. Specifically, the alkyl and ethereal
groups of the adsorbed molecule are biased toward the inner
and outer sides of the double layer to mediate the hydrophobic
and hydrophilic interactions between the Cl−-covered metal
and the electrolyte, respectively. Looking beyond PEG, the
nonpolar PPO segments of the poloxamer and poloxamine
provide further driving force for segregation and stabilization
of the respective polymers to hydrophobic surfaces, thereby
enhancing the polyether suppression of the Cu deposition
reaction on halide-covered surfaces.
The above suggests an alternative approach to enhancing the

suppressor action, namely, pretreating bare Cu surfaces with a
hydrophobic methyl-terminated short alky chain thiol prior to
electroplating in the presence of PEG. When this is done,
significantly greater inhibition is observed due to the co-
adsorption of PEG that blocks residual pin holes in the
underlying hydrophobic monolayer systems.109 As detailed in
the supplement (Figure S27), these hydrophobic methylated
surfaces support PEG adsorption, although the conformation
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of the co-adsorbed polyether and resulting metal deposition
processes are distinctly different from those associated with the
halide-covered surface. More broadly, the impact of substrate
hydrophilicity on the adsorption of PEG, PPG, and a triblock
poloxamer on prototypical surfaces, such as hydrophilic silica
and hydrophobic polystyrene, has been examined in detail.50,51

Specifically, SFG measurements of the CH3 and CH2 stretch
region indicate no quantifiable change in the secondary
structure of polyethers during weak adsorption on silica,
while significant anisotropy accompanies polyether assembly
on hydrophobic polystyrene.50 The measurements were
congruent with the adsorbed polyethers having their hydro-
phobic components oriented toward the hydrophobic substrate
surface. Further examination of polyether adsorption from
methanol solutions indicated that the interaction of water with
the hydrophobic surfaces was a key element in the anisotropic
adsorption of the polyether. In a related fashion, a correlation
between halide adsorption and hydrophobic character was
previously inferred from the rapid assembly of ordered
porphyrins and related 2D molecules on halide-covered
Au(111) surfaces.110 The resulting adsorbate structures are
analogous to those reported on other hydrophobic van der
Waals solids.
The potential dependence of halide adsorption on Cu

provides an excellent avenue for exploring polyether co-
adsorption.21,25,29 At negative potentials, the Cl− adlayer
formed on low-index Cu surfaces undergo order−disorder
phase transitions with significant halide desorption. SEIRAS
measurements reveal that this is accompanied by disruption of
the neighboring non-hydrogen-bonding water. In the presence
of polyethers, stepping to negative potentials results in some
disruption of the polymer layer and corresponding alteration of
the water modes. In the presence of both additives, the halide
layer is somewhat stabilized by the polymer as the order−
disorder phase transition is shifted, −50 mV, to more negative
potentials, as revealed by voltammetric and SXS studies.19,29

From an application perspective, the link between the halide
order−disorder phase transition, water structure, and polyether
adsorption underlies the critical phenomena associated with
breakdown of the polyether−Cl− suppressor layer that is
central to bottom-up filling of Cu TSV.5,17,18,25 Presently, there
are numerous efforts underway to develop physically robust
models of the associated dynamics.5−7,17,18,25 What if any role
cations, such as Cu2+ or, more importantly, its hydrated form,
play in suppressor film formation and operation remains to be
resolved. Recent studies of specific ion effects on polymer
aggregation, i.e., Hofmeister series, indicate that divalent, but
not monovalent ions, affect the micellization and aggregation
of poloxamers at higher temperatures.111 Future work
examining supporting electrolyte effects may be helpful in
addressing this question.
Further insight into the nature of polyether adsorption has

also been obtained by examining its displacement by
competitive adsorption of hydrophilic sulfonate-terminated
short alkyl chain disulfide (SPS) or thiol (MPS) mole-
cules.3,4,15,19 SEIRAS experiments that explore the functional
role of the accelerator will be detailed in a companion paper.
Briefly, competitive adsorption of hydrophilic accelerator
species results in a progressive disruption of the initially
formed PEG−Cl− layer and the Cu deposition kinetics evolves
toward that of an unsuppressed system.3,4,15,19 Accordingly, it
is the competitive interaction between hydrophobic PEG−Cl−
and hydrophilic SPS/MPS species that provides the chemical

basis of the curvature-enhanced accelerator mechanism that
underlies superconformal electrodeposition of Cu.

■ CONCLUSIONS
Superconformal electrodeposition is a key process in the
fabrication of microelectronics interconnects from the nano-
scale devices to printed circuit boards. The process depends on
additives that suppress and accelerate the local growth rate
while producing Cu deposits free of undue contamination. Co-
adsorption of polyethers and Cl− on Cu provides suppression
of the metal deposition process by hindering access of Cu2+ to
the metal surface. The combination of potential difference and
titration SEIRAS measurements provide new insights into the
polyether−halide co-adsorption process. In 0.1 mol/L H2SO4,
a potential-dependent mixed SO4

2−−H3O
+/H2O layer forms

on weakly textured (111) Cu thin-film surfaces. Limited
polyether adsorption occurs on the hydrophilic oxyanion layer
congruent with the absence of significant inhibition of metal
deposition under such conditions. However, with the addition
of Cl−, the SO4

2−−H3O
+/H2O adlayer is displaced and an

ordered halide layer rapidly forms. The halide layer exerts a
profound effect on the adjacent solvent network, with the
adsorbed halide giving rise to an increase in non-hydrogen-
bonded water that makes the interface more hydrophobic. In
the presence of the polyether, the altered wetting behavior
induced by halide adsorption tips the balance in favor of
polyether co-adsorption. Water is displaced from the interface
as the hydrophobic portions of the polyether molecule
assemble on the Cl−-covered surface while the lone pair
electrons of the ethereal oxygen are available for forming
hydrogen bonds with the solvent network in the electrolyte.
The same trends are evident for polyethers with different
tertiary structures, from linear PEG to the triblock copolymer
polyoxamer PEO2PPO31PEO2 to the branched, block copoly-
mer polyoxamine (PEO4PPO12)2N(CH2)2N(PPO12PEO4)2.
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